Introduction
The understanding of gene-regulation mechanisms aiming for early identification of morbid cells or false DNA sequences is one main focus in current postgenomic research towards medicinally relevant problems. Selective gene expression is mainly accomplished by the interaction of DNA with selective binding proteins containing specific DNA binding domains, such as helix-turn-helix (HTH) and zinc-finger motifs. [1] It is assumed that in higher eukaryotes more than 15 000 zinc-finger motifs occur in 1000 proteins, which makes it one of the most abundant motifs. [2] Zinc-finger motifs possess the ability to recognize DNA sequences selectively and are part of most transcription factors. [3] They contain a zinc ion in tetrahedral coordination with cysteine and histidine residues, resulting in the eponymous simple bba fold.
[4] Zinc-finger motifs are subdivided into classes with respect to the amino acid residues coordinating the structural zinc. [5] The best investigated zinc-finger domain of the canonical Cys 2 His 2 type belongs to the murine transcription factor Zif268 and serves as a useful model to analyze protein-DNA interactions. [6] Since Zn 2 + displays different properties within a wide range of proteins, its functions are classified into catalytically active, with a readily exchangeable water ligand at the coordination site and structure determining, where all coordination sites are occupied by donor atoms of the protein side chains. [7] In zinc fingers, the metal contributes only to the bba fold and plays no catalytic or functional role. In Zif268, the DNA binding motif is composed of a tandem repeat of three zinc fingers, each consisting of about 30 amino acids, serving as recognition units and binding to the major groove of B-DNA. Each of the three zinc fingers has the ability to recognize a sequence of three to four nucleobases through four conserved amino acids in the a-helical part and is linked by a short well-conserved sequence to the following one. It is known that at least two zinc-finger units are required for selectivity. [7, 8] Aim of the current work was the incorporation of an additional metal binding site into the zinc-finger motif allowing functionalization of a sequence-specific DNA binder placed in the major groove. A functional metal binding site placed in close proximity to the structural metal center might serve as spectroscopic probe or allows for cooperative effects with respect to catalytic activity. [9] In particular, metal-based nucleases often contain two metal ions, such as Mg 2 + , Mn, 2 + or Zn 2 + , in close proximity that are involved in the cleavage of the DNA phosphodiester backbone. [10] Despite numerous investigations on native metalloproteins and their functions to understand fundamental principles in chemistry and biology, [11] little is known about strategies accomplishing artificial metal-containing, biologically active peptides or proteins. [12] In this respect, the redesign of native proteins has an advantage over the de novo design of peptides, as it proceeds from a known scafTotal synthesis of proteins can be challenging despite assembling techniques, such as native chemical ligation (NCL) and expressed protein ligation (EPL). Especially, the combination of recombinant protein expression and chemically addressable solid-phase peptide synthesis (SPPS) is well suited for the redesign of native protein structures. Incorporation of analytical probes and artificial amino acids into full-length natural protein domains, such as the sequence-specific DNA binding zincfinger motifs, are of interest combining selective DNA recognition and artificial function. The semi-synthesis of the natural 90 amino acid long sequence of the zinc-finger domain of Zif268 is described including various chemically modified constructs. Our approach offers the possibility to exchange any amino acid within the third zinc finger. The realized modifications of the natural sequence include point mutations, attachment of a fluorophore, and the exchange of amino acids at different positions in the zinc finger by artificial amino acids to create additional metal binding sites. The individual constructs were analyzed by circular dichroism (CD) spectroscopy with respect to the integrity of the zinc-finger fold and DNA binding.
fold requiring only minor modulation. [7, 13] Zinc-finger motifs are also convenient from the synthetic aspect, because cysteine residues in a tandem repeat of a conserved amino acid sequence offer potential native chemical ligation sites in attractive intervals. Furthermore, by coordinating a metal ion, zinc fingers adopt a defined peptide fold. The semi-synthesis and characterization of the zinc-finger domain of the Zif268 transcription factor by expressed protein ligation (EPL) is reported. Besides the native binding domain, modifications within the sequence of the third zinc finger are investigated, such as single amino acid mutations, attached fluorophore and constructs with artificial metal-chelating amino acids.
[9b]
Results and Discussion

Strategy
The zinc-finger domain of the transcription factor Zif268 (Egr1) is a well-known and characterized motif, and for these reasons, was chosen as selective DNA binding motif. The sequence contains 90 amino acids and is hardly accessible by standard fluorenylmethyloxycarbonyl (Fmoc) solid-phase peptide synthesis (SPPS). A semi-synthetic approach based on EPL was applied to assemble the full-length peptide. Thereby, the first two zinc fingers (Zf12, amino acids 1-64) were expressed in Escherichia coli, whereas the third zinc finger (Zf3, amino acids 65-90) was synthesized by Fmoc SPPS. Native chemical ligation (NCL) yielded the desired sequence of 90 amino acids.
Generation and purification of Zf12
After amplification of the open reading frame of the zincfinger domain (Zf12) by polymerase chain reaction (PCR), the desired DNA sequence was cloned in-frame into the pTXB1 expression vector. The Zf12 peptide was expressed in E. coli in fusion with a mini-intein (GyrA gene of Mycobacterium xenopi) and a chitin binding domain (CBD) from Bacillus circulans. [14] After affinity chromatography using immobilized chitin beads, the Zf12 peptide was cleaved from the resin by thioesterification adding the sodium salt of 2-mercaptoethanesulfonic acid (MESNa; Figure 1 ). The thioester peptide 1 (Zf12) was eluted, and further purified by reverse phase (RP)-HPLC giving a final yield of 5 mg L À1 cell culture. From tris-tricine-based sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), it was concluded that thioester 1 was eluted from the affinity column within the first fractions ( Figure 2) ; [15] the constitutional integrity of peptide 1 was confirmed by HRMS-ESI.
SPPS of Zf3 and Zf3 modifications
The syntheses of Zf3 and its variants were achieved by a combination of manual and automated standard microwave-assisted Fmoc-based SPPS on Wang resin. Hydroxybenzotriazole (HOBt) and O-benzotriazole-N,N,N',N'-tetramethyl-uronium-hexafluoro-phosphate (HBTU) were used as coupling reagents. Besides the natural sequence of Zf3, five variants were synthesized. Modification Zf3 A85 (2) contains histidine at position 85 exchanged for an alanine (Figure 3 ). His 85 is one out of four ligands coordinating the structural zinc ion in the system. Mutation to alanine creates a vacant coordination site at the metal center offering the potential for catalytic activity.
[16] This variant was further modified by introduction of a 5(6)-carboxyfluoresceine fluorophore (Zf3 A85L89, 3) to the second last C-terminal amino acid Lys 89. Therefore, peptide 3 lacks His 85 and contains 5(6)-carboxyfluoresceine coupled to the lysine side chain. During SPPS, the lysine side chain was allyloxycarbonyl (alloc)-protected, and coupling to the fluorophore was activated by HOBt, N,N'-diisopropylcarbodiimide (DIC), and N-ethyldiisopropylamine (DIPEA). By using the zinc finger containing a fluorophore, zinc-finger ligation could be monitored by UV, and this modified zinc finger will also be valuable for following its interactions with DNA by Fçrster resonance energy transfer (FRET). [17] In variant Zf3 Pra70 (4), the arginine residue at position 70 was exchanged with the artificial amino acid propargylglycine (Pra). This amino acid with its acetylene side chain permits the introduction of various functionalities into the protein by [2+3] cycloaddition with azides. [18] Azide-functionalized moieties, such as fluorophores or metal chelators, can thereby be introduced at position 70 of the zinc finger. Native Arg 70 maintains a phosphate contact to the DNA backbone, which offers [6] ).
the possibility to introduce a broad range of functional groups close to a potential DNA cleavage site. [6] Furthermore, with Zf3 TACN85 (5), a triazole was introduced as an imidazole mimic of the metal-chelating amino acid His 85 alkylated by a 1,4,7-triazacyclononane (TACN) group to create a second metal binding site. Preparation of Fmoc-propargylglycineÀOH by [2+3] cycloaddition as well as an azide-functionalized N,N-bisBoc-protected TACN was reported previously.
[9b] The appropriate Fmoc-TACNÀOH building block was incorporated in the peptide by SPPS under standard HOBt/HBTU conditions. The triazole in Zf3 TACN85 (5) mimics the histidine and additionally creates a second metal binding site in close proximity to the natural one. [19] The zinc-finger variant Zf3 IDAO70 (6) contains an ornithine analogue, iminodiacetic acid ornithine (IDAO), which is functionalized with two acetic acid groups at its amine side chain, as an artificial metal-chelating amino acid.
[9b] Arg 70 was exchanged with the Fmoc-IDAOÀOH building block that was manually coupled, protected as bis-tert-butylester under 1-hydroxy-7-azabenzotriazole (HOAt)/HATU coupling conditions in threefold excess by using a microwave-assisted protocol.
Native chemical ligation
The full-length zinc-finger proteins were generated by native chemical ligation of the expressed Zf12 thioester peptide 1 and the respective synthetic Zf3 peptide with an N-terminal cysteine residue. [20] These unfolded zinc fingers easily form disulfide bridges, and reduced cysteines are crucial for the ligation step. Therefore, the peptides were treated with the tris(2-carboxyethyl)phosphine (TCEP), as a reducing agent, carefully balancing the pH. Because reduction with TCEP only occurs at a pH of about 4, and the optimal pH for NCL is in the range of 7.8 to 8, Zf3 peptides were dissolved in a millimolar range (threefold excess with respect to Zf12) under argon in 10 mm phosphate buffer (pH 4) containing 20 mm TCEP and 6 m guanidinium hydrochloride (Gnd·HCl) (1 v/v). The reduction was complete after 2 h, as confirmed by ESI-MS. The expressed Zf12 was solved in a millimolar range in 500 mm phosphate buffer and 6 m Gnd·HCl (1.2 v/v) at pH 8. The two solutions were mixed subsequently, and the resulting pH was kept between 7.8 and 8. Conversion into the ligation products was followed by analytical RP-HPLC. The respective Zf13 ligation product was obtained after 6-12 h, purified by RP-HPLC, and subsequently analyzed by ESI-MS. Because disulfide formation was indicated by ESI-MS, reduction was performed at pH 4 by reaction with 20 mm of TCEP under argon for 2 h. The pH was then adjusted to 8 to avoid amine protonation and allow Zn 2 + coordination. As an example, the ESI-MS spectrum for the reduced modified zinc-finger construct Zf13 A85L89 (3) is presented in Figure 4 .
Structural analysis and DNA interaction of Zf13 constructs
CD measurements were used to study the influence of the modifications on the structure of Zf3 peptides. The zinc-in- duced protein folding can be monitored by CD spectroscopy, mainly by following a hypsochromic shift of the negative maximum close to 200 nm.
[21] All reduced Zf3 analogues were analyzed in absence and presence of ZnSO 4 . The reported blueshift was observed for all analogues upon addition of an excess Zn 2 + ; exemplarily, in Figure 5 spectra for native peptide Zf3 and the analogue containing an additional metal binding site, Zf3 TACN85 (5) are shown. In Zf3 TACN85 (5), the metal-coordinating His 85 is replaced by a triazole that is also likely to be involved in zinc coordination, and as such, the CD spectra of Zf3 and Zf3 TACN85 (5) are quite similar. Also, mutant Zf3 A85 (2), lacking the histidine metal coordination site is still able to provide the correct fold (data not shown), indicating that the typically bba zinc-finger fold is not significantly affected by the Zf3 mutations. [16a] CD spectra were also recorded for the full-length Zf13 analogues. As indicated for Zf13 TACN85 and Zf13 IDAO70 analogues, the negative maximum at 200 nm undergoes a slightly larger hypsochromic shift of about 6 nm after Zn 2 + addition. In the case of Zf13 IDAO70, the shift of the negative maximum around 200 nm was accompanied with a strong negative Cotton effect and a shoulder at 222 nm, which is also typical of the zinc-finger fold ( Figure 6 ).
[21]
The interaction of zinc-finger constructs with double-stranded (ds) DNA was further investigated by means of CD spectroscopy. The 28-base pair (bp) DNA sequence ( 5' CTTACGCCCACGCTGATCACACAC-ACAC 3' ) contains the binding site of Zif268. CD spectra of the ds DNA and Zf13 IDAO70 were recorded separately in phosphate buffer and as a complex in the presence of zinc (Figure 7) . The CD spectrum of the Zf13 IDAO70-ds DNA complex shows a significant decrease in the negative maximum at 205 nm and an increased and shifted positive maximum at 278 nm, similar to the spectrum reported previously for DNA binding of the native Zif268.
[8b, 22] DNA binding of the zinc finger Zf13 IDAO70 seems not to be affected by introduction of an additional metal binding site.
Conclusion
The semi-synthesis of the natural 90-amino-acid long sequence of the zinc-finger domain of Zif268 is described. Zif268 was modified in the third subunit by a semi-synthetic approach, using expressed protein ligation (EPL) of the chemically synthesized segment with the protein, obtained by recombinant protein expression. Six Zf13 variants were obtained containing additional metal-chelating side chains, a fluorophore, and an acetylene side chain, allowing further postsynthetic modifications by [2+3] cycloaddition. The integrity of the zinc-finger fold was confirmed by CD analysis of the modified zinc fingers. Furthermore, evidence for DNA binding of the full-length construct Zf13 IDAO70 was obtained by CD spectroscopy. Zif268 provides a scaffold for a selective DNA binding peptide that can be subjected to chemical modifications, such as the incorporation of additional metal binding sites or fluorophores without losing its DNA-binding potential.
Experimental Section
Materials: All N-a-Fmoc-protected amino acids were purchased from Nova Biochem (Darmstadt, Germany), GL Biochem (Shanghai, China), Fluka (Taufkirchen, Germany), Bachem (Bubendorf, Switzerland), Merck (Darmstadt, Germany), and IRIS Biotech (Marktredwitz, Germany). All other chemicals were purchased from Sigma-Aldrich (Taufkirchen, Germany), ABCR (Karlsruhe, Germany), Acros Organics (Geel, Belgium), Alfa Aesar (Karlsruhe, Germany), New England Biolabs (Ipswich, USA), Macherey&Nagel (Düren, Germany). Preloaded Gly or Lys-p-benzyloxybenzyl alcohol resin (Wang resin, 0.3 mmol g À1 ), N-hydroxybenzotriazole (HOBt), O-benzotriazole-N,N,N',N'-tetramethyl-uronium-hexafluorophosphate (HBTU) were purchased from GL Biochem (Shanghai, China). N,N'-Diisopropylcarbodiimide (DIC) and N-ethyldiisopropylamine (DIPEA) were obtained from IRIS Biotech (Marktredwitz, Germany). 5(6)-Carboxyfluoresceine (CF), 2-mercaptoethane sulfonate sodium (MESNa) and N-methyl-2-pyrrolidinon (NMP) were purchased from Fluka (Taufkirchen, Germany). Trifluoroacetic acid (TFA) was bought from Roth (Karlsruhe, Germany).
ESI-MS:
Data were obtained with a Finnigan instrument (type LCQ) or Bruker spectrometers (types Apex-Q IV 7T, HCT ultra, and micrO-TOF API). High-resolution (HR) spectra were obtained with the Bruker Apex-Q IV 7T or the Bruker micrOTOF.
RP-HPLC:
All RP-HPLC analyses were performed on instruments from GE Healthcare or Jasco. For all semi-preparative/preparative RP-HPLC, we used a Pharmacia ¾kta basic device (GE Healthcare) with a gradient of eluent A (0.1 % TFA in H 2 O) to eluent B (0.1 % TFA in MeCN/H 2 O 8:2) with a flow rate of 3 mL min À1 (semipreparative)/10 mL min À1 (preparative) were performed. Preparative purification was performed on a Phenomenex column Jupiter, RP-C18, 250 20 mm, 5 mm, 80 . For semi-preparative purification, a Phenomenex column Jupiter, RP-C18, 250 10 mm, 5 mm, 80 was used. For analytical RP-HPLC, a semi-micro-HPLC system from Jasco was used, applying a gradient of eluent A (0.1 % TFA in H 2 O) to eluent B (0.1 % TFA in MeCN) with a flow rate of 1 mL min À1 . In these cases, a Phenomenex column RP-C18, 250 4.6 mm, 5 mm was used. UV detection was performed at 215 nm, 254 nm and, for the fluorophore-labeled peptides, at 444 nm.
Circular dichroism (CD) spectroscopy: CD spectra were recorded on a Jasco-810 spectropolarimeter equipped with a Jasco PTC432S temperature controller. Prior to usage, the sample cell was flushed with nitrogen. For CD spectra recording zinc-finger derivatives, 1 mm quartz glass precision cells were used. The peptide concentrations were adjusted to between 5-30 mm for all derivatives. The spectra were recorded at 20 8C in a wavelength range of 260-190 nm for the zinc fingers and from 300-200 nm for the DNA binding studies with 1.0 nm bandwidth in continuous mode, 1.0 s response and a scan speed of 100 nm min
À1
. Eight spectra were averaged. Spectra were background-corrected, smoothed (Savitzky-Golay), and depicted as molar ellipticity (V 10 À5 deg cm 2 dmol
).
Cloning of Zf12:
The cDNA encoding the murine transcription factor Zif268 (EgrI) was purchased from ATCC (Wesel, Germany). After amplifying the desired DNA fragment of the two zinc-finger domains (632-827) by polymerase chain reaction (PCR) using the forward 5' GGTGGT-GCTAGCGAACGCCCATATGCTTGCCCTG 3' and reverse 5' GGTGGTTGCTCTTCCGCAGTCCTTCTGTCTTAAATGGAT-TTTG 3' primers from Sigma-Aldrich (Taufkirchen, Germany), and purification by agarose-gel electrophoresis, the fragment was ligated into the cloning vector pGEM-T from Promega (Mannheim, Germany). After digestion of the cloning vector pGEM-T and expression vector pTXB1 from New England Biolabs (Ipswich, USA), using the restriction enzymes SapI and NheI, the DNA insert and vector were subsequently ligated. To confirm an in-frame cloning of Zf12 (1), DNA sequencing was performed.
Protein expression of Zf12 in E. coli: E. coli ER2566 cells were transformed with the pTXB1/Zf12 (632-827) DNA plasmid and grown in lysogeny broth (LB) or 2*YT medium containing carbenicilline (100 mg mL À1 ). A preparatory culture (5 mL) was used to inoculate the expression culture. The cells were cultivated at 200 rpm at 37 8C, until the culture reached an optical density at 600 nm (OD 600 ) of 0.6-0.8. The culture was then induced by adding 0.4 mm isopropyl b-d-1-thiogalactopyranoside (IPTG) and incubated again overnight at 16 8C. The cells were harvested by centrifugation at 4 8C at 9000 g and lysed in buffer A: 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic (HEPES) buffer (20 mm), NaCl (500 mm), tris(2-carboxyethyl)phosphine (0.1 mm), Tween20 (0.1 %), pH 8, and 20 mm phenylmethylsulfonylfluoride (PMSF) was added before incubating on ice for 30 min. Complete lysis was accomplished by pulsed sonication (5 45 s). The soluble extracts of the protein were isolated by centrifugation at 23 000 g for 20 min at 4 8C. Purification and isolation of Zf12 (1) was enabled by an attached chitin binding domain (CBD) as follows: a column (GE Healthcare, XK 26/20) filled with 100 mL chitin beads (New England Biolabs) was equilibrated at 4 8C with water (2 bed volumes) and buffer A (10 bed volumes). Loading of the cell lysate proceeded overnight at a flow rate of 1 mL min À1 (10 times). Unspecifically bound E. coli proteins were removed by washing with buffer A (3 bed volumes). The intein fusion protein of Zf12 was cleaved in the presence of buffer B: HEPES (20 mm), MESNa (250 mm, pH 6) over 70 h at 4 8C. The peptide thioester was eluted with buffer A. The complete procedure was monitored at 4 8C by UV absorption (280 nm, ¾kta Prime Plus, GE Healthcare). Analysis of the peptide thioester was carried out by SDS-PAGE (tris-tricine 10-20 %), RP-HPLC on a C18 semi-preparative column (Phenomenex column Jupiter RP-C18, 250 10 mm, 5 mm, 80 ) with 0. 
SPPS of Zf3 and respective modifications:
The peptides were synthesized by standard Fmoc/tert-butyl peptide synthesis on solid support on preloaded Wang resin, 0.3 mmol g À1 using a microwave-supported automated peptide synthesizer LibertyTM (CEM Cooperation, Matthews, NC, USA). The side chain protection groups were tert-butyl for aspartic acid, glutamic acid, serine, tyrosine; tert-butyloxycarbonyl (Boc) or allyloxycarbonyl (alloc) for lysine; triphenylmethyl (trityl) for cysteine, glutamine and histidine; and 2,2,4,6,7-pentamethyl-dihydrofurane-5-sulfonyl (PBF) for arginine. Resins were swollen in CH 2 Cl 2 for 30 min. The coupling protocol was adjusted to the different needs of the amino acids coupled. Fmoc amino acids were used as 0.2 m solutions in N-methylpyrrolidone (NMP). Coupling was performed with 0.5 m HBTU/HOBt (5 equiv) in DMF, 0.2 m amino acids in NMP (5 equiv) and 2 m DIPEA (10 equiv) in NMP. Double coupling of the amino acids arginine, cysteine and aspartic acid was performed to enhance the coupling efficiency. Capping was performed after every coupling cycle using a solution of acetic anhydride (10 %), DIPEA (5 %), and HOBt (0.2 %) in NMP. All reaction steps were performed under microwave conditions (20 W, 300 s at 75 8C) and N 2 mixing. Arginine was coupled under N 2 mixing (1500 s) at RT followed by microwave-assisted coupling (300 s) at 75 8C. To minimize racemization during coupling, cysteine derivatives were coupled for 300 s at 50 8C. Histidine was coupled without using the microwave supply for 60 min. [23] The Fmoc-protecting group was removed by two de- Introduction of modifications: All modifications were accessible within the SPPS protocol. In the case of the attachment of the fluorophore instead of Fmoc-Cys(Trt)ÀOH the complementary Boc derivative was coupled as N-terminal amino acid. 5(6)-Carboxyfluoresceine was introduced by standard coupling to the side chain of Lys 89, which was orthogonally protected by an alloc group. Prior to cleavage from the resin, the alloc group was removed by treatment with MeNHBH 3 (30 equiv) and [Pd(PPh 3 ) 4 ] (0.1 equiv) over 4 h in DMF at RT. 5(6)-Carboxyfluoresceine was activated with HOBt and DIC, and coupled to the lysine side chain over 2 h at RT. Arg 70 was exchanged for the synthesized artificial amino acid Fmoc-PraÀ OH to allow Click chemistry and also for the artificial metal-chelating amino acid Fmoc-IDAOÀOH, which was coupled manually using HOAt/HBTU coupling reagents. His 85 was exchanged by the metal-chelating amino acid Fmoc-TACNÀOH. [12] Analysis of Zf3 and its modifications: The purified reduced peptides were analyzed by RP-HPLC on C18 semi-preparative column (Phenomenex column RP-C18, 250 10 mm, 5 mm), with 0. 
Ligation of Zf13 and its modifications:
The N-terminal Cys 65 of the different Zf3 peptides had to be available for nucleophilic attack at the thioester of 1 during the ligation step. Therefore, the disulfide bridges in Zf3 and the other constructs were first reduced. The peptide (3 mm) was dissolved in phosphate buffer (10 mm, pH 4, TCEP 20 mm) and stirred overnight at RT under inert conditions. Complete reduction of the peptide was confirmed by ESI-MS. Subsequently, peptide thioester 1 (1 mm) was added in phosphate buffer (500 mm, pH 8) and the pH of the solution was adjusted to pH 7.8-8. As determined by RP-HPLC, the conversion of the two peptides into the ligation product was observed after stirring for 6-12 h at RT under inert conditions.
Analysis of the ligation products:
The ligation products were analyzed by RP-HPLC on an analytical C18 column (Phenomenex column RP-C18, 250 4.6 mm, 5 mm) with 0.1 % TFA in H 2 O (A) and 0.1 % TFA in MeCN (B) as eluting system with a 20-50 gradient of B over 30 min at a flow rate of 1 mL min À1 and ESI-MS.
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